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FOREWORD 

In  a  letter  dated  October  14,  1966,  Reference  SS-10O  to  Mr.  M.  L.  Pennell, 

Major  General  J.  C.  Maxwell,  USA?,  Director,  Supersonic  Transport  Development, 
asked  that  "certain  additional  investigations  oe  coopleted  in  order  to  improve 
the  SST  Fro  gras  analytical  base."  Hie  purpose  of  this  docuaent  is  to  satisfy 
that  request. 

Documentation  was  requested  on  the  following  important  prograw  issues: 

1.  If  sonic  bocts  considerations  were  completely  removed  and  the  SST  design 
fully  optimized  for  overvater  operations,  could  significantly  better 
economics  be  achieved? 

"In  your  conduct  of  such  a  parametric  study,  it  is  important  that  you  re¬ 
establish  the  fundamental  aircraft  characteristics  required  far  economic 
optimization  in  the  total  absence  of  sonic  boom  restriction*.  It  would 
not  serve  our  purpose  adequately  if  you  simply  determined  how  your  existing 
design  could  be  flcwn  for  optimum  economics,  or  how  it  could  be  redesigned 
to  approach  interim  economic  optimization.  Tour  result  should  evolve  from 
a  completely  fresh  approach  to  the  parametric  design  solution,  based  on 
your  current  experience." 

2.  "A  second  program  issue  is  the  practicability  of  developing  a  domestic  SST 
which  would  have  an  "acceptable"  boon  level  end  could  be  operated  profitably 
over  inhabited  areas.  For  the  purpose  of  discussion,  this  criterion  might 
indicate  a  isriiaai  overpressure  of  1.0  -  1.2  Ibs/sq.  ft.  in  cruise,  based 

on  the  realistic  atmosphere  (Friedsma  method).  As  in  the  preceding  study, 
we  should  like  ycu  to  consider  the  widest  range  of  design  possibilities. 

Ihat  is,  can  there  be  a  combination  of  size,  veij£it,  shape,  Mscfa  number, 
altitude,  engine  configuration  and  the  like  I'nieh  ccmld  reduce  overpressures 
significantly  and  still  indicate  profitable  operation  at  ranges  no  greater 
than  required  in  D.S.  domestic  routes?  Tour  investigation  mlgvt  also  con¬ 
sider,  for  example,  whether  there  is  any  possibility  of  combining  v  si  git, 
altitude,  and  speed  to  fly  within  the  boom-cutoff  conditions." 

3.  "A  third  program  issus  is  the  statu*  of  any  develojssenta,  pending  or  con¬ 
ceivable,  within  the  subsonic  transport  domain  stick  suggest  significantly 
greater  performance,  Improved  service,  cr  reduced  operating  costs.  Possi¬ 
bilities  might  range  from  application  of  advanced  materials  and  engine 
technology  to  transonic  tailoring,  landing  into  the  "mildly  supersonic" 
condition  within  the  bo<»-catoff  regime." 

It  was  requested  that  the  depth  of  the  analysis  be  consistent  with  completion 
of  the  parametric  studies  by  lovember  lfc,  19&>;  end  that  a  preliminary  review 
of  the  results  be  given  on  October  26,  1966* 

At  the  preliminary  review  on  October  26,  General  Jtavell  requested  that  no 
further  work  be  done  on  questions  1  and  3  above,  and  that  emphasis  be  given 
to  expending  the  study  of  question  2»  Accordingly,  this  doc*jseot  tmm arises 
the  October  26  lets  relative  to  questions  1  and  3  end  the  subsequent  work 
relative  to  question  2. 
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SUMKX? 

A  brief  psraaetric  study  of  the  effect  of  sonic  boom  constraint 3  oa 
the  design  of  the  supersonic  transport  has  been  completed.  For 
aiaplificaties,  the  economic  effects  have  been  evaluated  in  tens*  of 
Direct  Operating  Cost,  computed  in  accordance  with  the  "Supersonic 
Transport  Bconocic  Model  Ground  Ruiei',  SST  66-3,  Jon*  30,  1966.  This 
simplification  as  raws  equal  marketability  for  all  airplanes,  and  thus 
only  provides  a  technic  1  figure  of  merit.  A  discussion  of  this 
limitation  is  presented  in  paragraph  1.2. 

The  major  port  in  cf  the  study  is  concerned  with  low  sonic  boos, 
domestic  supersonic  transports  and  the  probable  caepetii^  subsonic 
transport*  in  the  1974  time  period.  This  is  stsesarised  in  paragraph 
1.1.  The  study  asstwptiens  for  level  of  technology  in  aerodynamics, 
propulsion,  and  weights  for  the  domestic  supersonic  transports  is  gives 
ix>  the  Appendix  end  the  study  details  ere  given  in  Section  3.  The 
corresponding  assumption  and  study  results  for  1974  subsonic  transports 
are  given  in  Section  4, 

Several  very  preliminary  base-point  configurations  have  been  evaluated 
In  order  to  establish  the  overall  level  of  technology  used  in  the 
study.  The  objective  has  been  to  use  optimistic,  but  potentially 
attainable  characteristics,  in  order  to  establish  a  rough  lower  bound 
fer  Direct  Operating  Costs.  A  simple  evaluation  of  the  sensitivity 
to  assumptions  is  shown  In  Section  3  for  the  M  *  2,7  airplane  designed 
for  a  maximum  sonic  boom  overpressure  of  1.2  pef. 

A  farther  cautionary  mate  is  to  reesiad  the  reader  of  the  inherent 


limitations  of  any  parntric  airplane  design  study. 


cycles 
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la  the  study  ora  necessary  with  ieter&edi&ts  configuration  evaluations 
in  order  to  achieve  a  reasonable  level  of  confidence  in  the  results. 

A  proper  design  evaluation  has  not  been  completed  In  the  present  atudy 
because  of  «he  imposed  time  limitations .  A  cur a cry  comparison  of  the 
results  '<Lth  the  rough,  base-point  configurations  indicates  that  the 
M  *  2.7  airplanes  designed  for  sonic  boom  overpressure  of  1.2  psf  or 
greater  axe  optimistically  attainable;  the  smaller  airplanes  for  lover 
eonic  bocsa  are  too  optimistic,  requiring  changes  such  as  fuel  volume 
increases  vith  corresponding  degradation  of  drag  and  weight. 

The  parametric  examination  of  fhe  potential  gains  to  be  realised 
through  elind  nation  of  sonic  boaa  constraints  on  the  intercontinental 
supersonic  transport  is  stasarized  in  paragraph  1.3  and  discussed  in 
Section  2. 

1.1  Dcnestlc  Airplane 

The  Direct  Operating  Costs  for  the  domestic  transports  considered  in 
this  study  are  suemarixed  in  Figure  1.1.  The  airplane  characteristics 
are  tabulated  in  Table  1A. 


Supersonic  transports  limited  to  maximal  sonic  boom  overpressures  of 
1.2  psf  are  evaluated  to  have  DOC's  shout  60  percent  greater  than 
subcode  transports  in  the  1974  time  period.  Relaxing  the  sonic  boo* 
requirement  to  1,6  psf  shove  DOC's  35  percent  greatar.  The  ccrres- 
pooiing  DOC's  for  the  Model  747  transport,  a  potential  M  «  1.2  trans¬ 
port,  the  Concorde,  and  the  domestic  3-2707  are  shewn  for  comparison. 


The  study  indicates  that  the  choice  of  supersonic  design  Mach  number 
has  an  effect  on  DOC.  Temperature  effects  on  fuel,  systems,  and 
structure  cause  as  increase  at  speeds  greater  than  2.7  Mach  axaber. 
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The  higher  DOC'a  near  a  Mach  number  of  2.0  are  caused  by  the  cruise 
sonic  boon  Unit.  Optimum  cruise  altitudes  increase  with  increasing 
Mach  number,  providing  sonic  bocai  alleviation  at  higher  speeds. 

All  of  the  airplanes  shown  in  Figure  1.1  are  of  titanium  construction 
and  are  powered  with  study  engines  which  are  variations  of  the  (UCh/JJV. 
The  effects  of  assuming  aluminum  structure  end  a  higher  pressure  ratio 
engine,  comparable  to  the  Bristol  BS  593 »  were  individually  assessed 
at  a  Mach  number  of  2.2.  These  ere  shown  in  Tsble  1A.  The  degradation 
in  weight  ratio  using  aluminum  offset  the  advantage  of  cheaper 
construction.  The  greater  engine  weight  of  the  higher  pressure  ratio 
engine  sure  than  offsets  the  fuel  saving  at  the  design  range  of  2500 
nautical  miles. 

It  should  be  noted  that  the  sonic  boom  values  quoted  are  the  nominal 
maximum  values  In  clisd>.  A  super  boom  region  with  peak  values  of 
twice  the  nominal  will  exist  at  the  beginning  of  acceleration  to  cruise 
for  all  of  the  SOT's. 

1.2  Effects  of  Airplane  Marketability  and  Operational  Factors  on  Direct 

Operating  Costs  of  the  Domestic  Study  Airplanes 
On  the  assumption  that  each  of  the  study  airplane a  has  equal 
marketability,  both  from  the  airlines  and  the  manufacturers  viewpoint, 
it  can  be  seen  in  Figure  1.1  that  DOC's  of  subsonic  and  transonic  air* 
planes  can  be  30£  to  6o£  lass  than  supersonic  airplanes  designed  for 
low  sonic  boom. 

In  order  to  develop  a  true  perspective,  appraisal  of  the  factors  that 
are  not  equal  must  bo  undertaken. 
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*  Mac.  Oro*a  Welfbt  «  683,000  lb.,  Mac.  R*n««  -  4600  If.  Mi. 


COM»*Kt 


NUMBER  D6A10483-1 

nr*  *  •  rr\ 

ncv 


— — - j 

! 

Ons  aajor  factor  it  that  Treat  tha  past esc*?  viewpoint,  oaroute  tines 
and  depart ur*  schedules  would  not  h«  equal.  Therefore,  tha  trip  v&lu* 
to  the  traveler*  vould  vary.  ?ron  the  airline  view  this  increased 
value  of  the  SST  could  be  represented  by  an  increased  revenue  potential 
which  could  be  os  such  as  .U  cents  per  seat  xiles  at  Mach  2,7  over  the 
rub sonic  airplane.  Even  the  transonic  airplane  would  have  sooe 
advantage.  A  factor  which  would  tend  to  offset  this  revenue  advantage 
of  the  SST  it  that  the  higher  Mach  maker  airplanes  vould  require  a 
greater  lavesthgnt  per  unit  of  productivity.  On  the  airplanes  Halted 
to  sonic  booas  of  12  ptf ,  this  could  add  aa  much  as  2^/eeat  adle  to 
the  costs  of  the  Mach  2.7  airplane.  Also  start-up  and  introductory 
costs  could  add  .C5ff.  ee at  nile. 

In  the  case  of  the  supers  axle  airplanes,  sobs  booa  image  claias 
could  be  expected.  Additional  costs  of  .05#/»e at  alia  oeold  be 
experienced. 

The  DOC  effect  of  variations  la  productivity  due  to  else,  trip  tines ; 
end  utilisation  requiring  different  nuobers  of  aircraft  of  each  type 
would  be  Beall.  It  is  sstiasted  that  the  effect  of  increased  speed 
ob  reducing  indirect  costs  of  passenger  service  in  the  supersonic 
airplanes  would  be  offset  by  the  increeee  due  to  land  lag  fees  and 
aircraft  servicing. 

In  turnery,  because  of  the  largo  difference  is  DOC  between  tha  sub¬ 
sonic  airplanes  and  the  nost  optlaistie  satinets  for  the  supersonic 
airplanes,  there  it  only  a  snail  probability  of  there  being  a  aaxfcot 


for  supersonic  airplanes  of  this  quality 


NUMBER  ]/Unnhfta_i 

&&JSFSJV&  .  REV  iTR 


1.3  latjgsgtlgg^.  53T  Optimised  Without  Sonie  Boon  Limitation* 

Tht  ellmisstlos  of  acsiic  btx.it  c.or.*ctraints  on  the  design  of  a  long 
range  supersonic  transport  would  illov  the  use  of  higher  wing  loading* 
sad  lover  thrust  loaetiags  t has  hJtv*  been  selected  for  the  B-2707 
proposal  airplsne.  these  ehaace*  wo-iid  improve  the  economics  through  a 
reduced  grc,*,s  weight  tar  *  give?*  yctyLcsd-range  design  choice. 

Jta  sxsesplc  of  the  potential  iaersno^.-st  it  shown  in  Table  IB.  The 
characteristics  of  w  325-OOj  p&v&g  airplane,  using  the  sue  engine 
else  sad  viag  area  as  the  5-270?,  are  compared  to  those  of  the  B-2707- 
The  range  increase  of  500  nautical  eilea  for  hot  day  conditions 
would  allow  nos- stop  operation  batreec  acre  city  pair#,  thus  Increasing 
the  utility  of  the  airplane.  Conversely,  the  payload  ooold  be  increas¬ 
ed  at  less  range  by  designing  a  larger  body,  thus  improving  eeonaad.es. 

A  review  of  the  design  decisions  leading  to  tbs  B-2707  has  shown  that 
no  specific  eoBprcal***  vers  aada  for  sonic  boat.  The  philosophy  of 
using  n risble  sweep  to  most  low  speed  porfowanco  objectives  has 
slloxad  tbs  configuration  to  be  optimised  for  cruise  with  *  highly 
swept  planfcsa  sad  nowdynanl  nelly  contoured  body;  this  simultaneously 
provides  4  oocflgaration  with  optimal  sonic  boom  charset  eristics. 

Tbs  alimjactian  of  sonic  boom  limits  allows  this  configuration  concept 
to  be  more  fully  exploited.  The  increases  in  wing  loading  and  thrust 
loading  which  ooold  be  mode  would  require  the  nee  of  variable-sweep 
to  achieve  acceptable  low  speed  performance  This  trend  is  identical 
to  that  which  has  evolved  in  the  design  of  stibeonle  transports  where 
very  aowsrftal  Mgb-lift  syataao  have  been  developed  eo  that  cruise- 


optimised  eirplenea  ooold  achieve  the  required  low  speed  p«rf< 
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HTWfcTIOKL  SOT  PBFORMICI  SOMNART* 

TABLE  1-B 

*  Reference  Vine  Araa  »  9 >000  sq.  ft. 

*  <ak! J5P  h(lM  Airflow  -  633  lb/««  - 

*  Climb  Schedule  (tea  Figure  2.3) 

B-2707 

Mremetric 

Mxlaua  Taxi  Veigit  -  Lb. 

675,000 

825,000 

Operating  Bspty  Weitfit  -  Lb. 

267,500 

330,590 

^ylaad  -  Lb. 

_ _ _ 

50,000 

50,00c 

Range  and  Tranaaoic  Throat  Mr  gin: 

Mage 

-  UK. 

/T-D) 

Range 
-  H.M. 

&L. 

Standard  Day,  Croiae  M  »  2.7 

3927 

.73 

4480 

.58 

3td.  ♦1C*C  Day  Croisa,  X  »  2.61; 

Std.  +15*C  Climb 

3650 

.5* 

4160 

.45 

Tiakaoff 

Flap  Setting,  Dag. 

20A0 

20Ao  j 

Mu.  Deeign 

Tbruat  Setting 

MX. 

Aug. 

Mx. 

Aug. 

Taxi  Weilht 

F.AJU  Field  Length,  Ft. 

5,700 

8,900 

S.L.  Std.  Day 

Idft  Off  Speed,  Biota 

162 

180 

C.C.  0  .615  Cjj 

Airport  loiee,  2Kb 

117.5 

117.5 

Ccaaaaiity  Koiae,  IMb 

93 

111 

3w.  +15*0 

TJiJL.  Field  Length,  Ft. 

6,800 

10,500 

Xonel  landing  Ft.,  Lb. 

3»,500 

**,000 

S.L.  Std,  Day 

Flap  Setting 

30/50 

30/50 

Dry  Itawey 

F.A.R.  Field  Length,  Ft. 

5,800 

6,3*0 

c.o.  •  .615 

Approach  Speed,  Biota 

125 

133 

Approach  Boise,  2Kb 

10a 

107 

fi»  Tm if 
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HfTEHHATICSiAL  S3T  OPTIMIZED  IK  THE  A3SEHCS  OF  SOflC  BOCK  RESTRICTIONS 
Design  Approach 

This  sscti&r.  presents  parsaetric  data  on  fundamental  aircraft 
characteristics  required  for  economic  optimization  in  the  total 
absence  of  sonic  booe  overpressure  restrictions.  It  is  recalled  that 
fundamentally  to  sinirrf.se  airplane  D.O.C.,  the  payload  to  gross 
weight  ratio  aust  be  as  high  as  possible.  In  order  to  obtain  a  high 
payload  to  gross  weight  ratio,  airplane  economics  are  maximized  at  a 
given  design  range  by: 

o  developing  a  dense  coofiguration  with  a  high  wing  loading 
c*  high  gross  weight,  limited  only  by  technology 
Use  of  this  design  approach  leads  to: 

°  an  airplane  optimized  for  cruise  performance 
°  use  of  variable  sweep  and  high  lift  systems  is  order  to  meet 
low  speed  scad  community  noise  objectives 
o  avoidance  of  sonic  boom  limitations 

The  starting  point  for  the  parametric  study  was  to  select  a  cruise 
optimized  wing-body  configuration  as  a  base  point.  A  wlag  plaafor* 
with  a  subsonic  leading  edge  at  supersonic  cruise  Mach  numbers  was 
selected  because  its  use  results  in  the  lowest  drag«0;e-to-li?t  and, 
therefore,  the  highest  ends#  lift-drag  ratios.  This  plsaform  la 
combination  with  a  well-tailored  body  mi  soleeted  ia  order  to 


minimise  cruise  dsag.  Although  not  pertinent  tor  the  purpose  of  this 
study,  use  of  these  design  features  also  results  la  a  configuration 
with  optimized  so&le  boom  characteristics. 
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Use  of  the  variable- sweep  feature  provides  the  capability  to  seat  lew 
speed  perfomance  and  c.'wmilty  noise  objectives  without-  eoeprosiisiiig 
cruise  efficiency.  Thus,  the  configuration  selection  for  the  parametric 
study  was  in  no  way  constrained  for  sonic  boom.  Based  upon  the  cruise 
configuration  selection,  aerodynamic  and  structural  data  ware  generated. 
These  inputs,  in  ccefl>ination  with  the  General  Electric  GEb/jpP  engine 
characteristics,  formed  the  technology  basis  for  the  par  asset ric  study. 
The  technology  basis  is  consistent  with  the  level  achieved  in  design 
of  the  B2707  and  thus  has  a  firm  base  point. 

The  choice  of  clisfc  schedule  for  least  fuel  penalty  in  cl  lab  and 
acceleration  as  wall  as  structural  weight  effects  on  overall  performance 
haa  been  examined  and  is  discussed  in  Paragraph  2.3* 

gngtnc-Alrframe  Siring 

The  effect  of  parametrically  varying  tha  wing  area  and  angina  size  on 
range,  transonic  thrust  margin  and  low  speed  characteristics  for  a 
675,000  pound  gross  weight  airplane  with  fixed  payload  is  shown  in 
Figure  2.1.  Figure  2.1  is  sometimes  called  a  "thusfcprint"  because  of 
the  characteristic  shape  cf  the  range  contours  thus  produced.  The 
range  contours  can  be  explained  by  considering  the  range  trade  with 
wing  area  (for  a  constant  powerplant  else)  and  vice  versa. 

Consider  first  the  range  trade  versus  wing  area.  The  lift-drag  ratio 
improves  with  increases  in  wing  area  because  the  wetted  area  ratio 
Inprovec.  However,  wing  weight  also  increases  as  area  increases 
idxich  is  adverse,  an  that  a  range  msadnoa  will  occur  at  some  wing 
ares.  Sezt,  consider  the  range  trade  with  increases  in  powerplant 
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size;  thit  involve*  a  trade  between  poverplant  weight  (which 
increases  with  increasing  airflow)  and  improved  fuel  eongueption 
which  leads  to  &  range  optimization. 

Other  trades  such  as  low  speed  performance  and  transonic  thrust  margin 
are  also  shown.  For  a  constant  takeoff  field  length,  for  example,  as 
wing  area  increases,  the  power  plant  size  can  be  reduced  as  shown  in 
Figure  2.1. 

A  standard  +  15°C  day  for  cl  tab  and  a  standard  1D°C  day  for  cruise 
was  the  haaii  for  the  range  calculations  which  are  representative  of 
airline  operation.  The  climb  schedule  followed  in  all  cases  was  the 
schedule  labeled  ”1"  as  shown  in  Figure  2.3. 

The  wing  area  of  the  3-2707  of  9000  square  feet,  and  the  airflow  of  the 
offered  SB4/J5F  engine  ia  633  lb/ sec.  This  point  is  noted  in  Figure  2.1 
The  range  loss  relative  to  the  Karima  obtainable  is  about  200  alias 
notice  that  to  obtain  maxtnuo  range,  the  poeerplant  size  would  be  about 
575  lb/ sec.  and  the  wing  area  would  be  7500  square  feet.  This  oon- 


firms  that  for 


range  a  high  wing  loading  and  low  takeoff  thrust 


tv  weight  ratio  la  desirable,  provided  all  other  practical  design 
requirements  and  considerations  can  be  met  concurrently.  As  noted  in 
Figure  2.1,  takeoff  field  length  and  approach  speed  would  increase  but 
would  be  within  the  objectives  if  the  wing  area  and  sngine  size  were 


selected  for 


range. 


It  is  similarly  true  that  more  range  can  be  achieved  by  increasing 
the  gross  weight  for  the  conditions  shown,  l.e.,  where  the  offered 
poeerplant  site  and  wing  area  are  oversized.  To  further  clarify  this 
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point,  &  further  exaaple,  given  in  Figure  2,2  is  pregented  vhich  shove 


the  effect  on  range  perforaance  of  increasing  the  gross  veight  to 
825,000  pounds.  The  viag-bcdy  configuration  selected  for  this  study 
vas  basically  the  asae  as  for  the  675,000  pound  airplane  study  except 
it  nad  slight  changes  in  order  to  get  nora  fuel  voluae.  The  viag  vas 
thickened  slightly  and  the  body  voluae  vas  increased  for  this  purpose. 

As  expected,  with  the  9000  square  foot  viug  and  633  Ib/sec  engine,  the 
saxiava  range  is  increased  substantially  (500  nautical  niles)  and  the 
takeoff  field  length  is  increased  to  10,500  feet  (cn  a  hot  day)  and 
the  approach  speed  increased  to  about  133  knots.  As  discussed  above, 
this  range  Increase  is  due  to  holding  the  ving  area  constant  at 
$000  square  feet  and  the  engine  site  constant  at  633  Ib/sec  resulting 
in  a  higher  ving  loading  and  lover  thrust  to  veight  ratio  for  the 
825,000  pound  airplane.  Because  the  825,000  pound  airplane  has  500 


■lies  greater  range,  it  would  be  able  to  provide  service  to  wore  city 
pairs  and  would  therefore  produce  a  greater  return  of  revenue. 


Alternatively,  the  body  could  be  redesigned  to  provide  greater  payload 
at  less  range.  This  evple  illustrates  bow  performance  end,  thus, 
econaaics,  could  be  iwprovwd  with  no  sonic  boos  restrictions . 

A  different  dixfc  schedule  vas  used  for  the  825,000  pound  airplane  and 
it  la  above  is  Figure  2.3*  This  schedule  was  a  preliminary  selection 
prior  to  completion  of  the  Placard  Study  discussed  in  Section  2.3  but 
is  representative  trm  a  tread  standpoint. 


Detendsatien  of  the  elJj*>  schedule  yielding 


range  capability 
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involve*  a  careful  study  of  possible  path*  vith  respect  to  structural 
and  flutter  consideration*  as  well  a*  fuel  saved  during  filch. 

Classical  cliab  path  studies  have  been  calculated  in  the  p*'**t  shoving 
that  for  least  range  lots  a  fairly  high  dynaaie  pressure  ("q")  schedule 
aust  be  folioved  in  order  to  nlniadze  the  fuel  burned.  Basically,  the 

I 

ssiniavE  fuel  cliab  path  corresponds  to  the  altitude  schedule  for  sssxi- 
aua  range  factor  and  i&axiaus  thrust  aargin  in  cliab.  This  type  of 
schedule  generally  it  contrary  to  the  requireaects  for  least  structural 
weight.  Transonic  and  supersonic  ’’q",  flutter  and  upset  aeneuvera 
usually  deteraxne  the  design  loading  conditions  and,  hence,  the  amount 
of  structure  required  for  a  given  schedule. 

Placard  studies  have  been  carried  out  on  the  B-2T07  for  gross  weights 
of  675 .000  pounds  and  825,000  pounds.  Sine  cliab  paths  ware  selected 
based  upon  pest  experience  vith  trade  studies  of  this  type.  Altitude 
and  Hash  xna*ers  for  the  study  placards  are  given  in  Table  2- A, 

Schedule  Itafcier  1  ia  the  highest  "q"  placard  which  can  be  used  baaed 
on  the  strength  and  stiffness  which  are  provided  in  the  structure  fro* 
r  er  critical  design  points  in  the  flight  envelope  such  as  maxima 
gross  weight  takeoff,  landing  loads,  cruise,  etc.  Increases  in 
structural  weight  are  necessary  as  various  parts  of  the  placard 
beecn*  design  points  vith  placard  change*  to  higher  "qn .  For  this 
study,  the  K  *  1.2  end  2.7  altitude  reference  points  were  used.  The 
net  changes  in  range  considering  both  structural  weight  and  fuel 
usage  are  gives  in  Ta&le  2-A.  The  range  tabulation  shows  that  th*  sched¬ 
ule  selected  for  the  B-2707  at  675,000  pound  taxi  weight  results  in 
aaxiisus  range;  hence ^  may  ba  considered  the  optimum.  At  825,000  pounds 
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CLIME 

PLACARD 


ALTTTCT* 

AT 

M  «  1.2 
51,200 


31.750 

26.750 
26,100 

27.500 

26.500 
25*600 
25,206 


STD.  DAY 


60,500 


|  30,M»  57,500  +1,300 


5*,30C 

60.500 

57.500 
5A,300 

60.500 
57,500 
5*,300 


♦1,50) 


^  RASG8  FROM  8-2707 
-  HACT.  K T. 


MAX.  TAXI  WT.  MAX.  TAXI  WT. 
*  575,000  LBB.  «  825,000  LBB. 


•  lute  8-2707  Cliafe  Flao*rd 


*o*sno 


selection  of  a  diato  In  which  the  altitude  at  M  *  2.7  is  lowered 
about  3000  to  5000  feet  (schedule*  2  and  3}  result*  in  aaxiaua  range. 
This  occur*  because  the  higher  altitude  placard  licit*  the  start  of 
cruise  to  altitudes  above  best  cruise  altitude  at  takeoff  gross 
weights  above  about  750,000  pounds.  Other  schedules  (5  and  6)  result 
in  nearly  the  saa*  range  laproveaents.  Hence,  it  can  be  concluded 
that  only  very  minor  range  ieproveaents  are  possible  for  the  825,000 
pound  airplane  end  none  for  the  675,000  pound  airplane. 
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DOJfsSTIC  SST  DESIGNED  TO  MBT  ACCEPTABLE  SONIC  BOOM  GVEKPSESSUHES 

Parawstric  airplane  rising  and  Direct  Gperating  Coat  data  for 
Bcwsstic  SST’a  designed  to  meet  acceptable  aenic  boon  overpressure! 
are  presented  in  this  section.  Si sing  and  econcedc  data  for  airplanes 
constrained  to  asset  cliab  overpressures  of  froo  1.0  to  1.6  pef  are 
presented.  The  basis  for  the  sonic  boon  overpressure  calculations  is 
near  field  theory,  with  correction  applied  for  the  1962  U.S. 

Standard  Ataosphere.  This  is  the  aost  realistic  theory  and 
calculation  basis  developed  to  the  present  tl=c.  Detailed  aero- 
dynastic,  sonic  boon,  weights,  sad  poeerplant  input  data  used  for 
the  study  are  given  in  Appendix  A. 

As  a  result  of  the  briefing  and  interla  report  on  these  studies  to 
the  ?AA  on  October  26,  1966,  the  scope  of  the  Dcwsstie  Airplane 
Parses  trie  study  was  extended  to  include  a  range  of  cruise  Msch 
nusbera.  Specifically,  the  study  plan  vas  extended  to  include 
airplanes  designed  for  cruie*  Mach  masters  of  1.7,  2.2,  2.7,  sad  3.2. 
(Subsequently,  the  K  -  1.7  design  point  study  was  deleted.)  Because 
the  scope  of  the  study  vas  enlarged  to  include  Mach  nusbtra  in 
crulce  lower  than  2.7,  one  comparative  study  of  aluadma  versus 
titaniue  alrflr—s  eaterials  vas  asde.  Also,  a  brief  eoeparativ* 
study  vas  aede  of  engine  cycles  for  the  saws  reason,  and  results  of 
these  studies  are  given  In  Paragraph  3.%. 

Bssigs  Approach 

The  daexga  approach  to  this  study  required  careful  selection  and 
consideration  of  the  following  aajor  itsas: 
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1)  Choice  of  the  best  possible  and  practicable  baaeline  configuration , 

2)  P*rfor»ance  requirement*  of  rang*  and  engine-airfra»*  Matching 


critaria. 


To  prorida  verification  of  tha  input*  selected,  a  preliminary  baae- 
lin*  configuration  was  selected,  Only  a  minima*  amount  of  engineering 


anal;/ si*  has  baas  mU  on  this  baseline  configuration  due  to  the  time 
limitations.  Becauee  of  the  time  restriction,  a  brief  examination 
of  the  sensitivity  of  change*  in  the  input*  to  the  study  result* 
has  been  Bade  and  is  discussed  in  Paragraph  3*2. 

3*1*1  Baseline  Configuration 

The  choice  of  the  baeeline  configuration  emphasised  feature*  ehich 
vould  result  in  low  sonic  doom  characteristics  and  low  supersonic 
dreg.  The  wing  wrssp  selected  was  7k°  and  average  thicl  .  ***  ratio 
2.75%.  Super eocic  wing  aspect  ratio  selected  was  1.6.  Tbia  latter 
choice  we s  a  cammed se  between  ware  drag  end  low  drag  due  to  lift 
consideration!.  Kaeellsa  were  placed  well  aft  to  provide  favorable 


*  *  '  ‘  TiffS ' 


interference  effect*,  k  highly  area-ruled  boo/  siaed  for  85 


passengwrs  was  eeleeted.  These  features  were  cochins*  into  a  X  »  2.7 
baeeline  configuration  using  a  twin  eegina  in  sngaunt  with  a  wing 


of  6000  square  feat  sod  a  preliminary  drawing 


Tha 


— ! liana  lift-drag  ratio  of  this  configuration  is  estimated  to  be 
9*5*  B*a  t1—  lift-drag  ratio  versos  J4aeh  number,  as  area 
distribution  plot,  sod  sonic  boos  characteristics  of  tha  baseline 


configuration  are  giwao  Is  fgitnflTT  A. 
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3.1.2  Economic  Model  end  Mission  Ground  Rules 


The  Supersonic  I canonic  Ground  Rules  (SST  66-3)  dated  June  30,  1966, 
were  followed  in  calculating  the  range  performance,  fuel  reserves, 
and  Direct  Operating  Costs.  Sonic  boon  overpressures  were  calculated 
using  the  near  field  theory  corrected  for  U.S.  Standard  Atmosphere , 
1962.  (The  September  6,  1966  proposal  data  used  the  far  field  solu¬ 
tion  for  calculating  sonic  boon  overpressures  using  the 
atmospheric  correction.) 


Performance  Requirements  sod  Engine -Airframe  Sizing  Criteria 
The  range  requirement  selected  was  250C  nautical  slice  under  standard 
day  conditions.  The  basis  for  this  selection  was  that  it  would 
provide  Hew  Yaris  to  Sen  Francisco  range  capability  under  the 
temperature  conditions  of  standard  *15°C  for  climb  and  standard  for 
cruies.  Engine  sines  selected  provide  for  e  minimum  transonic 
thrust  margin  of  .30  on  a  standard  +I5°C  day.  This  provides  a 
minimum  climb  corridor  of  about  kOOO  feet.  Ving  areas  were  selected 
to  provide  the  sd.niam  gross  weight  for  the  particular  payload 
considered,  thus  mart  ml  zing  the  payload  to  gross  weight  ratio.  Since 
relatively  low  wing  loadings  and  large  engine  sizes  were  expected  as 
v  result-  of  tbs  socle  boom  requirements,  no  restrictions  were  made 
on  engine  or  wing  sizing  for  low  speed  considerations. 


Gross  Weight  ftgametrlc  Stody  Basalt* 

D.O.C. ,  engine  airflow,  win*  loading  and  initial  eruiaa  aecie  boon  era r- 
prasaurea  nnu  grots  weight  art  shown  in  Figures  3,1,  3.2,  3«3>  *od  3*^* 
All  airplanes  war*  si  rad  to  aaat  tha  2500  nautical  alia  range  requirement 
together  with  a  alnlaua  transonic  throat  aargin  of  .35  aa  notad  in 
paragieph  3«1«3. 

Figure  3.1  show*  tha  sensitivity  of  tha  stady  raaulta  to  clang aa  in  input* 
of  eruiaa  lift  to  drag  ratio  and  alrfraaa  operating  eapty  weight.  It  ia 
fait  that  both  tha  lift  to  drag  ratio  and  operating  eapty  weights  ere 
optimistic.  Tha  baaeliae  oecflguratieo  waa  an  85  paaeangar  airplane  with 
a  6000  square  foot  wing  area.  Tha  aolaatad  airplane*  for  thl*  body  tin 
bare  about  half  of  this  wing  area.  Tha  such  nailer  wing  area  probably 


will  rasult  in  lower  lift  to  drag  ratio#  and  higher  GBtf's  than  assumed  by 
the  parametric  extrapolation  uaed  in  this  study.  Be Of  drag  and  drag  due 


to  lift 


eoeataat  versus  wing  area  and  fuel  volume  problems 


were  only  roughly  eon *1  derod  at  tha  anal  Tar  wing  areas.  A  study  would  be 
necessary  to  determine  the  characteristic#  of  a  new  baseline  configuration 
which  ia  aore  represent at ire  of  the  optima  airplane*  *hown  in  Figure* 


3.1  to  3.*. 


It  is  notad  that  an  increase  of  10$  in  operating  eapty  weight  results  in 
about  a  10$  increase  Is  gross  weight  for  a  given  payload  and,  hence, 
approximately  a  10$  Increase  in  DOC.  If,  in  addition,  there  is  a  Teas  of 
10$  is  cruise  lift  to  trim  ratio  tha  DOC'*  would  ireroaaa  a  farther  6$* 
resulting  is  *  total  increase  in  direst  operating  ©cats  of  vJtxw t  16$. 


numhlr  ix.,uo^3-1 

KMMFJAf Rl  V  1  Ik  A 

Effect  of  Cruise  Much  Huaber 

Study  results  showing  the  effect  of  cruise  Mach  nuaber  are  presented  in 
Figure  3.2.  Frees  the  data  of  Figure  3-2  a  atniaun  DOC  airplane  aeeting 
the  design  objectives  of  aagiaua  clisb  and  cruise  overpressure  of  1.2 
PSr  was  selected  for  each  Match  nuaiber.  The  characteristics  of  these 
airplanes  are  suamarixed  in  Table  1A,  page  7.  The  lowest  one's  occur  at 
a  cruise  Mach  nwsber  of  2.7  because  the  cruise  range  factor  Is  at  ita 
maximum  resulting  in  the  lowest  gross  weight  for  s  given  payload.  Moreover 
the  initial  cruise  overpressure  linitatlen  penalizes  the  M  -  2.2  airplsne 
since  optimal  cruise  altitude  decreases  with  decreasing  Mach  nuaber.  The 
airplanes  are  sized  for  transonic  cllab  so  that  for  the  sane  gross  weight, 
payload,  and  cliob  overpressure  the  wing  loading  Is  approximately  constant. 
In  addition,  the  engine  size  is  independent  of  cruise  Mach  nuaiber  because 
the  engine  characteristics  are  unchanged  in  the  transonic  region.  The  OEW 
increases  only  slightly,  about  3$,  from  M  =  2.2  to  M  -  3-2.  Hence, 
cruise  range  factor  (lift  to  drag  ratio  times  true  velocity  divided  by 
engine  SFC)  is  the  chief  parameter  determining  the  lowest  gross  weight  for 
a  given  payload.  The  true  velocity  increases  linearily  from  M  -  2.2  to 
M  =  3.2.  SFC  increases  shout  from  M  -  2.2  to  M  =  2.7  and  shout  25^ 
from  M  =  2.7  to  M  =  3.2.  L/D  decreases  2&1,  nearly  linearly,  from  M  =  2.2 
to  M  *  3-2.  The  net  result  is  that  from  M  *  2.2  to  M  =  2.7,  the  L/D 
decrease  and  SFC  increase  are  more  than  counterbalanced  by  the  true  veloc¬ 
ity  increase.  Free  M  «  2.7  toH*  3.2  the  very  large  SFC  increase  together 
with  the  L/S  decrease  more  than  compensates  the  true  velocity  increase. 
Hence,  the  range  factor  decreases.  In  addition,  sons  of  tbs  costs , 


particularly  fuel,  are  greater  for  the  airplanes  cruising  at  K  *  3.2 
resulting  in  still  higher  DOC' a  compared  to  H  *  2.7  and  2.2. 
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Engine  Cycle  Choice  for  M  »  2.2  Crula*  Airplane 

The  effect  of  engine  cycle  choice  for  a  M  «  2.2  cruise  airplane  is  ahovn 
in  Figure  3.3.  A  high  pressure  ratio  turbojet  designed  for  cruise  at 
M  =  2.2  vas  coo  pared  with  a  sediua  pressure  ratio  turbojet  designed 
originally  for  M  =  2.7.  The  uigh  pressure  ratio  (HPH)  engine  operates  at 
relatively  low  turbine  inlet  temperatures  vith  only  partial  augaantation. 

The  medium  pressure  ratio  (HPR)  engine  operates  at  high  turbine  inlet 
temperatures  and  has  a  full  augaentor.  Since  t'«.«.  engines  are  sized  for 
the  saw  transonic  thrust  margin,  the  HFR  turbojet  must  be  sized  5c£ 
larger  in  airflow  than  the  HPH  turbojet.  This  results  in  a  I00£  engine 
weight  increase  due  to  toe  greater  weight  per  unit  airflow  of  the  HPH 
engine  end,  hence,  in  a  large  range  less.  Tha  SFC  advantage  of  the  HPR 
turbojet  la  the  subsonic  and  transonic  regions  results  in  a  range  improve¬ 
ment  which  very  nearly  compensates  for  the  range  loss  due  to  increased 
engine  weight.  Cruise  is  performed  at  partial  agumsntation  where  both 
engines  have  comparable  SPC!S.  The  net  effect  is  &  slight  range  loss  for 
a  gi gross  weight  and  payload  what  using  the  HFR  turbojet.  Since  is 
this  study  range  is  held  constant,  this  results  in  a  higher  gross  weight 
for  a  given  payload.  If  the  study  were  continued,  tn  obvioue  step  would  be 
to  investigate  the  possible  iarpro vastest  resulting  from  increased  augmenta¬ 
tion  on  the  HPR  engine. 

It  is  important  to  note  that  the  initial  cruise  overpressure  is  higher  for 
tha  HPR  turbojet.  This  is  due  ro  the  fact  that  the  initial  cruise  weight 
is  higher  because  the  S?C  of  the  HP!  engine  is  lover  in  cliab-  Teas,  the 
miniaug  DOC  airplane*  selected  froa  Figure  3-3  sized  to  the  1.2  PSP 
efcjectives  in  cruise  *3d  cliafc  tend  to  greatly  favor  the  eeditss  pressure 
ratio  engine.  These  airplanes  are  sswarised  in  Table  1A,  page  7.  1 
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Aluminum  Versus  Titanium  Airframe  f or  M  ■  2.2  Cruise  Airplane 

The  M  *  2.2  cruise  airplane  was  analysed  with  regard  to  matsrlal 
selection.  Alurinum  and  Titaniua  airframes  were  studied  and  the 
results  are  presented  in  Figure  l-b.  The  powerplant  used  for  this 
study  vaa  the  high  pressure  ratio  turbojet.  The  est lasted  structural 
weights  for  the  alusaim*  airplanes  are  5  to  15^  greater  than  these 
for  titaniua  airplanes.  As  shown  in  Figure  3-l»  aeneitivity  to 
design  inputs,  these  weight  increases  would  increase  the  DOC’s  5  to 
1556  due  to  larger  gross  weights  for  a  given  payload.  The  coapenaeting 
effect  on  DOC-  of  lower  aluminum  costs  is  not  sufficient  to  offset  the 
increase  due  to  weight  except  for  very  aaall  airplanes.  In  general, 
the  results  indicate  an  alusdnoa  airftmme  would  result  in  5  to  10i 
greater  DOC  for  comparable  conditions.  It  is  expected  that  this  would 
h«  the  case  If  the  aedius  pressure  ratio  turbojet  were  used  for 


the  comparison. 


NUMRPR  v^4^a1.q«i 

- 

cou»M  REV  UR 

HO  BOOM  DQ9C3TIC  TRAHS FORTS  DESIOOED  FOR  197^  0H5RATICM 
The  following  topics  relating  to  domestic  transports  which  could 
fly  overland  without  producing  a  sonic  boon  are  discussed  in  this 
•action. 

(1)  A  general  discussion  of  the  sonic  boas  cut-off  Mach  nuaber,  and 
weather  factors  influencing  its  choice,  as  related  to  a 
transonic  cruise  Mach  maker  airplane. 

(2)  Subsonic  cruise  airplanes  and  the  projected  technology  base 
available  for  use  in  deadd  are  reviewed  and  capered  with 
the  Model  7*7. 

(3)  The  point  design  characteristics  of  a  transport  designed,  to 
cruise  at  transonic  Mach  makers  below  the  conic  boas  cut-off 
Mach  maker. 

Finally,  a  brief  economic  coaparlaon  is  aada  armg  these  air¬ 
plane  types  for  the  San  Francisco  to  lew  York  route. 

Possible  Transonic  Cruise  Mach  labers  For  Ko  Sonic  Boca 
Shock  waves  produced  by  supersonic  airplanes  are  refracted  away  fro* 
the  ground  as  they  travel  through  the  staoapbsre.  The  refraction  is 
due  to  variations  of  wind  velocity  end  temperature  between  the  air¬ 
plane  and  the  ground.  Complete  refraction  of  the  shock  waves  is 
known  as  cut-off,  and  is  possible  for  supersonic  flight  near  Mach 
1.0  (as  fetched  in  Figure  k.l).  This  phenomenon  has  been  observed 
taper!  sen  tally  sad  has  been  reported  in  XASA  TED-3520.  The  airplane 
Midi  maker  at  which  eut-cf*  occur*  is  know  as  the  cut-off  Mach 
maker.  Bo  boon  would  reach  the  ground  for  flight  at  Mach  makers 


leas  then  the  cut-off  Mach  maker 
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The  shock  wave  strength  as  weasured  oc  ths  ground  Is  influenced 


by  st»o sphere  refraction  and  by  reflection  fit*  tbs  ground.  When 


an  oblique  shock  ears  intsrsscts  tbs  ground,  a  rsfXsctsd  vars  of 
equal  strength  and  angle  Is  produced.  Tbs  total  pressure  Juag> 
across  the  systes  of  the  incident  and  reflected  verse  is  twice  that 
of  the  incident  vars,  and  the  factor  accounting  for  this  reflection, 
Kg,  is  2.0.  If  the  shock  vars  is  nonal  to  the  ground,  the  reflected 
ease  does  not  exist  so  that  Xg  is  1.0.  Theoretical  calculations  of 
the  variation  of  shock  vars  strength  due  to  atao spheric  refraction 
(assuxLng  K_  ■  2.0)  indicates  an  increase  in  overpressure  for  flight 
very  near  the  cut-off  Mach  nuaber  as  indicated  by  the  line 

in  fig.  k.2.  Severer,  the  incident  shock  wave  angle  approaches 
90°  for  flight  very  sear  the  cut-off  Mach  nuaber.  The  combination 


of  the  effects  of  ataosphsrtc  refraction  and  change  in  Kg  is  in¬ 
dicated  by  the  solid  line  in  fig.  k.2.  Evidence  of  these  self  can¬ 
celling  effects  has  been  observed  sad  is  discussed  in  XASA  HD-3520. 


The  effect  on  the  cut-off  Mach  nuaber  of  variations  is  atsospfceric 


conditions  fro*  those  which  are  defined  for  a  standard  day  are 
shove  is  fig.  k.3*  The  effect  of  winds  is  shown  in  the  upper  curve. 
Tailwinds  at  the  airplane  reduce  toe  cut-off  Mach  nuaber  while 
headwinds  increase  it.  The  effect  of  variations  in  the  tesperature 
gradient  is  shown  in  the  lover  curve.  Tssperatures  loser  than 
standard  at  the  ground  reduce  the  cut-off  Mach  nuaber  while 
tesperetures  higher  than  standard  increase  it. 
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A  statistical  study  of  weather  pattern*  over  the  continental  U.S. 
vu  conducted  to  determine  the  variation  of  the  cut-off  Mach  number 
with  season  and  location.  Theae  results  are  shewn  in  Fig.  4.4  for 
a  flight  from  Los  Angeles  to  New  York.  For  flights  in  the  summer 
the  operating  Mach  number  would  have  to  be  about  1.08  to  ensure  a 
95 £  probability  of  no  boom  reaching  the  ground.  In  the  winter,  this 
value  is  about  1.04,  Subsonic  flight  is  necessary  to  asrure  100£ 
reliability  that  no  boos  reaches  the  ground. 

Technology  Base  for  1974  Time  Period  Airplanes 
A  significant  technical  factor,  the  airplane  cruise  lift  to  drag 
(lZd)  ratio,  is  plotted  versus  Mach  number  in  Fig.  4.5.  The  two 
current  designs  represent  the  Boeing  707-320B  at  Mach  .**0  (-*  *  19) 
and  the  Boeing  747  at  Mach  .86  (jf  «  16.6).  The  three  points  iden¬ 
tified  as  1974  airplanes  are  at  an  ^  »  15° 2  at  Mach  .90,  ~  »  12.8 
at  Mach  1.2  and  |  »  8.2  tt  Mach  2.7.  These  airplanes  have  been 
designed  to  maximize  overall  operational  efficiency  considering  the 
trades  cetween  takeoff  and  landing  performance,  cruise  efficiency, 
end  airplane  else,  weight ,  and  price. 

The  1974  airplanes  take  advantage  of  the  promising  results  of  recent 
high  speed  wing  design  research.  Advanced  airfoil  technology  will 
enable  a  wing  of  given  sveepbsck  and.  thickness  to  operate  at  speeds 
3  to  5^  faster  than  present  wings  before  encountering  critical  Mach 
number  effects.  The  slotted  airfoil  (Figure  4.6),  which  has  been 
given  considerable  study  by  NASA  and  also  by  Boeing,  is  one  concept 
which  shews  such  promise.  The  benefits  of  advanced  airfoil  technology 
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usd  also  be  realised  is  other  viyt.  The  speed  advent t  %  can  be  turned 
into  an  empty  weight  advantage  by  applying  the  advanced  technology  in 
the  fens  of  a  rub  rt  anti  ally  thicker  ring.  The  improved  struct ursl 
efficiency  which  results  can  reduce  the  wing  weight  about  1?  percent. 
Alternatively,  the  speed  advantage  can  be  turned  into  improved  takeoff 
capability.  For  a  given  wing  weight  and  cruise  spaed,  the  advanced 
technology  permits  &  wing  of  less  sweep! ack  and  higher  aspect  ratio  — 
both  beneficial  for  higher  allowable  takeoff  gross  weights - 

Turning  specifically  to  the  Mach  1.2  regime,  it  is  essential  that 
the  wave  drag  of  the  wing -fuselage  coafcination  be  xinieiaed.  Coo- 
figuratioc^  such  as  that  shown  in  Fig.  4.?  have  bean  under  study 
and  test  by  Boeing  for  about  5  years.  The  pronounced  body  contouring 
and  highly  swept  (55°-60°)  arrow  wing  re cult*  in  the  |*  performance 
shews  in  Fig.  4.8.  It  nay  be  noted  that  an  ~  »  13  was  demonstrated 
at  Mscfc  1*2. 

In  addition  to  aerodynwnic  efficiency,  the  Question  of  propulsion 
System  performance  is  iaportant  tc  aid-1970  airplane  performance. 

The  state-of-the-art  of  gas  turbine  engines  has  advanced  narkedly 
over  the  last  twenty  years—  an  increase  in  engine  thrust-tc-weight 
ratio  of  fG  percent  and  a  dscreses  in  specific  fuel  coosuaptian  of 
30  percent. 
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The  tum  ctmei'  in  engine  aw  level  static  tfcrust-to-veigbt  retio 
(T/tf)  verso*  year  cf  first  fligit  it  ahtnra  in  Fig.  k.9.  In  the 
early  1950**,  th«  engine  T/V  retio  was  approsciaetely  3.0.  These 
turbojet  engines  provided.  paver  far  scat  successful  eirplsnea  such 
as  the  7C7-12C,  707-320,  EC- 135,  »nd  B-52.  In  the  mr ly  X960'«, 
the  turbafen  engines  entered  eoaasrcisl  service  vitfc  T/V  ratios 
froa  i».0  to  5.0.  That*  higher  engine  ‘j/W f •  vara  a  result  of  higher 


turbine  fpera  tares  breu^it  about  by  metallurgical  advance*  and 
improved  propulsion  efficiency  of  the  bypass  engine.  These  engine* 
have  replaced  in  nany  ease*  th*  turbojet  and  resulted  is  aore 
economical  airplanes  such  as  the  720®,  707-320B,  *sd  8-53*  •  Locdsiag 
ahead,  the  General  Ilaetrie  W-39  engine  (C-5*)  end  Pratt  4  Hhitsey 
JT9D-1  angina  (7*?)  vill  be  flying  about  1970  with  T/V  ratios  of 
apgracmately  5-3*  It  is  satiated  that  b*  1975,  s  T/V  of  5.75  aiU 
be  typical  of  a  new  angina*  based  as  th*  current  rata  of  advancing 
the  atata-ef-tha^irt. 


I 


The  lain  nrsaant  in  spaeifle  feel  coasaqptzon  (SFC)  versus  year  of 
first  fli^it  Is  *h on  la  Fig.  4  15.  The  condition  chosen  for  cam 


yarisoa  purpose*,  is  th*  ainixai  crsUe  SFC  at  35,000  feat  acd  Hect 


0.8.  A 


years — 30  percent.  The  l 


bis  decrees*  in  SVC  is  observed  over  the  Inst  20 


are  due  saintly  to  an  increase 


is  bypass  ratio,  and  therefore  propelsioa  efficiency,  advetseing 
free  the  turbojet,  hype**  sera,  is  the  early  1950  *,  to  the  hi£t- 
bypaaa-ratio  tsrbofsns,  5  to  S,  is  3970.  Figsr*  ^.11  shew*  the 
minima*  3FC  versus  bypass  ratio,  isdieetisg  the  large  affect  of 


bypass  ratio  oa  8K. 
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Component  technology  improvements  have  aside  the  higi-bypaes-retio 
engins  possible  since  It  la  not  economical  without  high  turbine 
inlet  temperature  and  hi^i  eat^presao r  preaaure  ratio.  Turbine 
temperatures  have  increased  frc*  IbOO'F  in  the  early  engine*  to 
about  2300*?  In  acme  of  the  later  higi-bypaas-retio  engine*. 

Cc mpresser  preaaure  ratio*  have  increased  free  about-  10  to  25  in 
this  period.  It  ia  expected  that  the  SPC  will  decreaae  *oce  in  the 
19T5' engine,  poaaibly  by  2  pereant.  Aa  indicated  in  Fig.  *.11, 
further  increases  in  bypaaa  ratio  do  not  have  a  significant  effect 
on  the  SFC’a  of  a  Mgfc-bypaaa-retio,  subsonic  commercial  engine. 
Therefore,  the  expected  improvement  will  be  largely  due  to  improved 
component  efficiency.  Since  weight  and  -SFC  are  traded  In  the 
development  end  design  of  an  engine,  apecific  improvement*  will  be 
a  function  of  the  engine's  application. 

197^  Tima  Period  Faint  Airplane  Design  Characteristics 
Based  on  the  aexodynealc  and  propulsion  technology  Just  described, 
as  well  as  improved  structural  weights  due  to  higher  allowables 
and  the  use  of  titanium,  airplanes  were  designed  at  Mach  .90  and 
1.2.  These  airplane*  were  designed  to  mete  thee  comparable  cm  a 
transcontinental  U.3*  segaeni  with  the  S8T.  The  four  principal 
design  rales  are  noted  below: 

*  Deed  IP  reage — — — — — - — * — -JFK  -  S3P0 

*  riseengsrs-— -261  (2o£  First,  8o£  Tourist) 

*  }¥xSmm  Approach  Speed——— — -135  Knots 

*  Technology  Level— — - — —1970  Go-ahead,  1975*  Airline 

Opera  ties 
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3m  bach  .90  airplane  (Model  755* 300 )  is  Aon  in  Kg.  4.12,  along 
vlth  com  principal  characteristics.  Bie  three-engine  design  it 
•boot  215  feet  long,  132  feet  ving  span,  arid  hat  a  takeoff  grots 
vei^it  of  350,000  pounds.  Ths  lot  aspect  ~*tio  (6.5)  ving  it  tv  apt 
U2.5*,  tod  incorporate#  sophisticated  hi&  lift  dericet.  Tht  fate- 
Itgt  hts  t  circular  cross  taction,  suitable  for  eight  abrssst  stating 
in  the  tourist  section.  The  three  high  bypass  ratio  (5-8)  engines 
are  installed  vith  tvo  on  tfc»  vine*,  tiasilar  to  the  Boeing  7^7 
errengesent,  ta» l  one  at  tha  beta  of  tha  vertical  tail.  In  order  to 
assess  the  technology  level  of  the  Model  755-300,  the  technical 
lay  orients  Incorporated  in  the  design  are  noted  be  lew: 


mx 

IKHOTBOBT 

CCKPWOKD  TO 

(§)  Cruise 

0.5 

747 

^Critical 

.03 

747 

Shx 

2<* 

727 

OW 

5* 

747  Tech  noli 

(§)  sib 

15* 

JT90 

^'Cruise 

2* 

JT9D 

These  adransaMats  are  believed  achievable  in  the  tine  period  sped* 
fled,  and  can  be  realistically  fos-e cast  for  air  lias  operation  in 
tha  aid- 1970‘s. 


4.3.2 


Sis  Ifccfc  1.2  airplane  Is  psisntefl  Is  Fig.  4.13.  Wiils  designed  to 
Knob  1.2  erdse  capability,  it  vould  com  11/  operated  in  the  sonic 


D&O0483-1 

Fig.  4-12 
50 


boots.  cut  -  off  region  at  speeds  between  h&ch  l.?5  and  l._;  for  ir." 
t&hoob  discussed  in  j»trs  -.1.  This  three- engine,  varisbls- 
sveep  aircraft  has  an  overall  length  of  about  271  feet  and  a  ving 
span  of  138  feet  in  the  cruise  c  cr.f  i  gura  ti  on .  With  the  vings  swept 
forvard  for  takeoff  and  lending,  the  span  increases  to  lt~  feet.  Th< 
aspect  ratio  1.5  ving  hae  e  sweep  of  56*  and  incorporates  advanced, 
double -8 lotted  flaps.  The  fuselage  is  ares  ruled  to  sinioite  liaefc 
1.2  voluoe  wave  drag,  resulting  in  a  sdciatss  crass  section  identical 
to  the  7Q7  body  and  e  g&xlasar.  eroes  a ec ti or.  appreciably  greater. 

Six  atrssat  tourist  seating  its  poasibl*.  throughout  the  entire 
passenger  cabin.  The  three  0.6  bypet*  ratio  engines  are  installed 
in  2  sicilsr  sanner  to  the  755-300.  Technical  inproraoents  In¬ 
corporated  in  the  design  are  consistent  with  those  used  for  the 
755-3-00,  vith  performance  substantiated  by  the  vind  tunnel  results 
presented  in  fig.  U.8. 

*.*»  Xeoaaalc  Ccap&rlscp 

Aa  shewn  in  Fig.  fcoll,  an  eecncnic  comparison  of  the  hhch  .90  and 
1.20  airplanes  with  the  7^7  airplane  shews  the  following : 

o  An  advene  ad  technology  airplane  designed  at  Mach  .90  will 
operate  seder  the  conditions  shewn  for  about  1$  less  than 
the  7^7,  vhile  ths  J&ch  1.2  airplane  is  105  -bovs. 

o  Beiaxi&g  tha  cruise  »p«ed  r&^uirecsn*  free  Hach  ,90  to 
p*ch  .80  results  in  sn  sirpltne  spproxiHSttely  20*  lower 
in  operating  cost  than  the  7^7. 
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AERODYNAMIC  AND  SONIC  BOCH  CHARACTERISTICS 

The  requirement  of  xow  sonic  bcoa  characteristics  for  a  domestic  air¬ 
plane  dictates  a  nussbar  of  configuration  features,  A  long,  slender 
body  cceblned  vitb  a  wing  that  distributes  the  lift  over  a  long  length 
help  alleviate  sonic  boos  overpressures.  These  two  features  are  also 
compatible  vith  the  requirement  of  low  crag  in  the  supersonic  flight 
regime.  A  high  aavect  ratio  wing  provides  good  climb  char&eteri sties 
that  alloy  the  airplane  to  fly  higher  at  a  given  Mach  nusbei ,  thus 
reducing  sonic  boca  overpressures  at  the  ground,  but  the  choice  of  an 
aspect  ratio  for  the  wing  Bust  be  tempered  by  wave  drag  considerations. 
Nacelles  should  be  placed  wall  aft  to  provide  favorable  interference 
effects. 

These  features  ware  combined  into  a  M  =  2.7  baseline  configuration, 

2 

using  a  twin- engine  arrangiaaent  vith  a  6COO  ft.  wing  having  a  leading 
edge  sweep  angle  of  74°,  an  average  thickness  ratio  of  2.75  percent, 
and  an  aspect  ratio  of  1.6,  The  body,  sired  to  carry  85  passengers, 
was  highly  area-ruled  for  low  drag  and  sonic  boos. 


The  parssetric  study  was  based  on  initial  estimates  of  aerodynamic 
characteristics  for  a  low -boon  desasstic  airplane.  These  initial 
estimates  were  later  ccnflraed  by  a  detailed  analysis  of  the  baseline 
configuration. 


Mariana  lift-drag  ratio  as  a  function  ef  Mach  nuzber,  is  shown  for  the 

baseline  configuration,  is  Tiger*  A-l.  The  design  is  estimated  to  have 

aa  ( L/D)  of  9,5  at  the  cruise  Mach  sober  sf  2.7  and  an  altitude 

sne 

of  65,000  feet.  Estimated  valuat  f or  te  and  123  passenger  versions 
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of  chs  baseline  design  are  also  sh ova  for 


.?•  These  two  cJ.teroa.tej 


configurations  vara  developed  by  changing  body  geceaetry  vhils  holding  j 

i 

p  j 

vlng  geoaetry  and  «p*&  (6000  ft.  ')  constant.  Tie  dr-Ag  increment  for  | 

eh*  k2  -passenger  body  vaa  assuuiad  to  be  one-hslf  the  drag  of  the  base-  ! 

\ 

line  body.  The  12&-passecger  body  was  aseuaed  to  be  the  same  as  *he  i 
-5  'passenger  body  vith  the  addition  of  a  21-foot  cylindrical  section. 
The  body  drag  for  the  larger  t,>dy  included  the  additional  friction  and  j 
air  conditioning  drags.  j 

i 

Maxima  lift-drag  ratio  a  for  a  55  -passenger  configuration  vith  i  ving 
area  of  3000  square  feet  are  also  shown  in  Figure  A-l.  The  aero- 

j 

dynssic  characteristics  for  thiB  configuration  vere  obtained  by  adjust- j 

2  ! 

Lng  the  6000  ft.  configuration  characteristics  to  the  sealler  ting 

area.  This  configuration  is  representative  of  an  airplane  meeting  the 

range  and  sonic  boon  requirements  of  this  study.  The  greater  Iona  in 

r\ 

(t,  D)^  with  increasing  Mach  rwsher  for  the  3000  ft,  configuration 
ia  caused  by  the  assumed  variation  cf  wave  drag  vith  Mach  number  and 
the  relative  sizes  of  the  ving  and  body. 

A  Mach  2.7  area  distribution  for  the  basoline  configuration  is  shewn 
in  Figure  A-2, 


Sonic  Boca  Characteristics 

The  sonic  booa  char  ac  tori  rtlcu  of  the  drastic  airplanes  were  estimated 
at  the  beginning  of  the  p&rsactrie  studies  by  the  following 
procedure?  The  sonic  bona  characteristic*  of  a  number  of  previously 
studi'.d  configurations  vara  examined.  These  characteristics  vere  all 
adjusted  te  a  cession  ving  area  and  a  "typical"  curve  of  sonic  bo® 
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overpressure  p&rsmeter  versus  lift  coefficient  wa s  determined.  The 
typical  cun'  s  vas  then  adjusted  by  reducing  the  value  cf  the  over- 
pressure  by  5  percent  at  zero  lift  coefficient;  leaving  it  unchanged 
■t  '  Jgh  lift  coefficients,  where  the  boom  would  be  lift  dominated;  and 
fairing  a  variation  between  these  two  extremes.  This  established  the 
3onie  boces  characteristics  for  one  wing  area.  In  this  study  the 
initial  wing  area  was  6000  square  feet-  Characteristics  for  other 
wing  areas  were  obtained  by  adjusting  the  boom,  by  wing  area  to  the 
thre«<#ighths  power  at  high  lift  coefficients,  and  by  total  fron+-ai 
area  to  the  one-half  power  at  zero  lift.  The  estimate,  thus  obtained, 

i 

served  aa  the  basis  for  the  parametric  studies  and  1b  cospared  with 
the  sor.ic  boos  characteristics  of  the  3-270?  and  SCAT-15?  in  Figure 
A-5.  From  this  comparison  it  can  be  seen  that  the  characteristics 
assumed  for  the  parametric  study  are  soevewhat  optimistic  but  not  to 
cn  excessive  degree. 


In  order  to  confirm  the  level  of  sonic  boom  characteristics  established 
for  the  parametric  studies,  the  characteristics  of  the  baseline  config¬ 
uration  and  a  refinement  of  the  baseline  were  determined  by  a  theore¬ 
tical  analysis.  Both  configurations  were  assumed  to  have  a  wing  area 
of  6000  square  feet.  The  ra fined  baseline  configuration  represented  a 
point-d«3ign  that  was  optimised  to  produce  a  minimum  overpressure  at 
Mach  1.3,  an  altitude  of  40,000  ft.  and  foe*  a  weight  of  250,000  pounds. 
This  configuration  included  a  sore  favorable  body  shape  and  a  different 
longitudinal  positioning  of  the  wing  with  respect  to  the  body.  Maxi  cum 
transonic  sonic  bocs  evarpre esure s  as  a  function  of  altitude  for  the 


baseline  and  refined  baseline  configurations  are  cca$>ar*d  with  values  { 
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obtained  from  the  characteristics  established  for  the  parametric 
studies  in  Figure  A-^.  The  range  of  H  =>  1.3  altitudes  covered  during 
the  parametric  studies  is  also  shown.  This  comparison  illustrates 
the  validity  of  the  characteristics  assumed  for  the  parametric 
studies  as  veil  as  the  significant  imp revetments  that  can  be  achieved 
with  a  point-design.  The  Mach  1.3  area  distributions  used  in  the  sonic 
boom  analyse*  of  the  baseline  and  refined  baseline  airplanes  are 
shown  in  Figures  A- 5  and  A-6. 

In  the  proceeding  discus* ion,  the  approach  to  the  problem  of  minimizing 
the  overpressures  produced  on  the  ground* by  a  domestic  airplane 
during  transonic  cl lab  and  acceleration,  was  to  optimize  the  geometry 
for  minimum  boaa  at  Mach  1.3.  An  alternate  approach  would  optimise 
the  airplane  geometry  for  beat  cruise  sonic  booa,  and  use  specialized 
flight  procedure*  to  minimize  or  eliminate  ground  overpressures 
during  climb  and  acceleration.  These  transonic  flight  procedure* 
would  involve  combinations  of  altitude,  Mach  number,  and  flight  path 
angle  that  prevent  the  airplane  shock  wave*  from  reaching  the  ground. 
Under  these  condition*  the  ray  path*  of  the  shock  wav*  are  turned 
to  a  horizontal  direction,  i.e.  "cut  off P,  before  they  reach  the 
ground.  Inereaaing  the  flight  path  angle  increases  the  cut-off  Mach 
number  for  a  given  altitude  and  thereby  reduces  the  ground  area 
subjected  to  tranaonic  cverpre  a  sure  * .  A  different  flight  procedure 
could  be  esploysd  on  flights  where  the  takeoff  la  made  near  ceeezi 
areas.  For  these  flight*  the  problem  of  tranaonic  overpressure*  o” 
the  ground  could  be  avoided  entirely  by  conducting  the  climb  and 
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acceleration  phase  over  water.  Additional  study  would  be  required 
to  establish  the  trades  for  these  alternate  approaches. 
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2.0  PCVfS?.  PLANT  CHARACTERISTICS 

2.1  Cycle  Configuration 

Power  plant  performance  artudics  were  bated  upon  two  engine  cycles 
used  in  current  supersonic  transport  engine  design. 

(a)  A  medium  pressure  ratio,  high  sari  ram  turbine  inlet  temperature 
fully  augmented  single  spool  turbojet. 

(b)  A  nigh  pressure  ratio,  low  caxiaus  turbine  inlet  temperature, 
partially  augmented  two- spool  turbojet. 

These  cycles  are  designated  the  Boeing  Medium  Pressure  Ratio 
Cycle  and  Seeing  High  Pressure  Ratio  Cycle,  respectively. 

2.2  Mach  Variations 

Engine  performance  was  generated  for  both  engines  over  the  following 
range  of  airplane  operating  Mach  numbers : 


Medium  Pressure  Ratio  Engine 

M  -  3.2  at  65,000 

ft 

Altitude 

r»  «  if  if 

M  «  2.7  " 

ft 

n 

ff 

n  n  aw 

M  -  2.2  * 

* 

» 

If 

High  Pressure  Ratio  Engine 

H  -  2.2  " 

60,000 

ft 

ff 

•t  n  n  « 

K  -  1.7  " 

50,000 

ft 

ff 

Suaaary  engine  characteristics  and  installed  performance  are  given 
In  Table  A- A  and  Figures  A-7  and  A-8.  Engine  weights  include  the 
angmntor,  thrust  reverse?  and  exhaust  nosale. 

2.3  Engine  Cycle 

The  cycle  pressure  ratios  used  in  the  engine  airplane  aatehing 
studies  provide  madam!  performance  over  the  range  of  Madt  numbers 


considered.  Turbofan  cycle  investigations  were  cot  pursued  tee 
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to  tiaa  liadtations  though  it  vu  apparent  that  this  type  of  angina 
■would  also  ba  suitable  ever  tha  range  of  Mach  numbers  considered. 

Of  the  two  cycles,  that  with  the  high  pressure  ratio,  two-spool 
compressor  was  found  to  ba  mere  suitable  for  tha  two  lowest  Mach 
ntasber  applications.  Tha  inherent  high  flow  capability  of  ths 
two-spool  machine  at  the  cruise  condition  where  the  inlet  is  sized 
allows  better  inlet  /engine  Batching  during  transonic  ciiab  and 
acceleration.  With  regard  to  the  lower  turbine  inlet  tesperature 
of  this  cycle,  an  isproveaent  of  100- 200°?  could  be  applied,  which 
would  still  allow  the  turbine  to  operate  within  the  current  supersonic 
engine  state  of  tha  art.  Such  sc  increase  say  require  sene  weight 
increase  and  increased  coding  flows,  but  the  end  result  could  allow 
the  Mach  1.7  and  2.2  airplanes  to  cruise  without  augmentation. 

The  atdlua  pressure  ratio  high  temperature  cycle  was  found  to  be 
rsry  suitable  for  the  Mach  range  2.7  -  3.2.  At  the  Mach  2.2 
condition,  it  was  found  necessary  to  high-flow  the  single  spool 
engine  for  engine/inlet  Batching  considerations.  A  10 Jl  flow 
increase  at  craiee  was  obtained  by  engine  orer speeding,  the 
aeoosgssnying  weight  increase  being  compensated  by  the  weight 
redaction  resulting  frea  the  lower  enrlronsental  temperature.  For 
the  Mach  1.7  oocdltioc,  the  engine  deemed  became  difficult  to 
Batch  with  so  inlet  haring  external  coo^restion ;  therefore,  the 
K  1.7  condition  for  this  cycle  was  cot  included  in  the  study. 
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TASTE  A-A 


Engine  Type 

Dee ign  Mach  No. 

W  fiii  /st  lb/**c 

Taheoff 
Max.  Aug,  ?- 

Trane sale 

M  *  1.2  Alt.  -  45,000  ft. 


Slagle  Spool 


Two  Spool 


Median  Pressure  Ratio  High  Pressure  Ratio 


3.2 

2.7 

2.2 

2.2 

1.7 

633 

633 

633 

1*32 

432 

63,200 

63,200 

63,200 

36,200 

36,300 

yN/q 

76.5 

76.5 

76.5 

36.5 

36.5 

SFC 

Cuperaceic  Croiae 

1.848 

1.848 

1.84 8 

1.445 

1.445 

Wa  lh/aec 

470 

291 

203 

187 

195 

Altitude  -  ft. 

65,000 

65,000 

65,000 

60,000 

50,000 

?H/q  ***»•  An«* 

SFC  Kin.  Aug. 

18.3 

1.62 

22.8 

1.475 

28.7 

1.466 

15.4 

1.46 

23.3 

1.315 

Subaoale  Crulee 
M  -  0.8  jfct.  *  36,150  ft. 


yH 

5000 

5000 

5000 

5000 

5000 

SFC 

1.08 

1.08 

1.08 

.89 

.89 

Inlet 

syp* 

(2) 

(2) 

(1) 

(1) 

(3) 

length/Dia. 

2.0 

2.0 

1.8 

1.8 

1.5 

Weight 

Engine  lb. 

11,800 

11,237 

11,090 

6,450 

8,050 

Boasle  8ise  Ina. 

83.5 

Ik. 2 

71.0 

55.0 

48.5 

%  Aagneotation 

100 

100 

100 

30 

30 

(1)  At  ley  metric  External-Internal  Ccqprctaicn  Inlet  with  'Tran elating  Cecterbody 

(2)  Axiaymetric  External-Internal  Ccavreasion  Inlet  with  Variable  Centerbody 

(3)  Aziaymetrie  External  Ccspreatioe  with  Tranelatiag  Centefbody 
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3.0  WEIGHTS  DATA 

The  weights  used  for  this  study  are  parsaestrie  extrapolation*  of 
B-2707  inf onsaticn .  Weight*  are  ehcvn  in  figure  A-9  for  a 
representative  wing  loading  of  65  paf .  These  weights  include 
est tastes  for  body  foal  increments  as  required.  The  prigary 
structure  for  all  Mach  nua&ers  is  tit  anion. 

The  incresents  shown  for  4s sign  eruia*  Kaeh  number  variations  include 
allowance*  for  the  changes  in  structure,  syate**,  and  power  plant. 


Figure  A-10  show*  the  total  propulsion  pod  weight  versus  airflow 
for  both  study  engine  cycle*.  Parametrically  selected  airplanes 
will  be  analysed  in  more  detail  to  refine  the  weight  estimates. 
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DIRECT  OISRAimC  COST  GROUND  EUIiS 


The  direct  operating  corfc*  of  the  study  airplane «  -were  calculated  in 
accordance  with  the  FAA  Supersonic  Transport  E concede  rSodel  Ground 
Rules  (SST  66-3*  June  30,  1966)  with  the  exception  of  crew  pay. 

Sales  prices  were  baaed  cm  production  of  200  airplanes  and  development 
costs  amortized  over  30C  airplanes.  The  prices  of  subsonic  airplanes 
shown  for  comparison  hare  been  adjusted  to  reflect  a  development 
program  similar  to  that  of  the  SST.  However,  development  costs  were 
included  in  airframe  and  engine  price  to  determine  maintenance  costs. 
While  the  design  ranges  used  to  determine  maxima  gross  weight 
included  the  effect  of  wind  and  temperature ,  the  operating  coats  are 
based  ce  a  standard  day,  no  wind. 

Annual  utilisation  was  varied  fire m  3300  block  hours  per  year  for 
subsonic  airplanes  to  2920  block  hours  per  year  at  Mach  3.2  as  shown 
ce  Fig.A-11.  Fuel  price  was  constant  fear  all  designs  Mach  numbers  up 
to  2.7,  and  increased  63  percent  tar  K  3.2  ae  shows  on  Fig.  A-ll. 

Crew  pay  was  raised  with  design  gross  weight  as  shown. 
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